A total of 720 nursery pigs (PIC 1050 × 280, initially 13.4 ± 0.47 lb) were used in a 42-d growth study to determine the effects of feeding 2 calcium (Ca) and 3 standardized total tract digestible (STTD) phosphorus (P) concentrations on growth performance and bone ash content. Pens of pigs (10 pigs/pen, 12 pens/treatment) were blocked by initial pen weight, and within blocks pens were allotted randomly to 1 of 6 dietary treatments. Dietary treatments were arranged in a 2 × 3 factorial, with 2 levels of Ca (0.58 vs. 1.03%) and 3 levels of STTD P (0.33 and 0.45% without phytase, and 0.45% with 0.12% of the P being released by phytase). Diets were provided in 3 phases, with pigs fed experimental diets during phase 1 (d 0 to 14) and phase 2 (d 14 to 28), followed by a common phase 3 diet from d 28 to 42. For the majority of the feeding periods, Ca × P interactions were observed for growth responses (P < 0.05). From d 0 to 28, when diets contained low Ca concentration, pigs fed 0.45% STTD P with phytase had greater (P < 0.01) ADG and ADFI compared with those fed 0.45% STTD P without phytase or 0.33% STTD P. When high Ca was fed, ADG and ADFI were similar among pigs fed 0.45% STTD P with or without phytase but were greater than those fed 0.33% STTD P. Feed efficiency was poorer (P < 0.01) when low STTD P and high Ca were added to diet compared with other dietary treatments. During phase 3, pigs previously fed 0.33% STTD P had similar ADG, but decreased (P < 0.05) ADFI and improved F/G compared with pigs previously fed 0.45% STTD P with or without phytase. However, pigs fed 0.33% STTD P, with high Ca were not able to fully compensate for the negative effects of P deficiency, resulting in decreased (P < 0.05) overall ADG and ADFI compared with pigs fed 0.45% STTD P diet with or without phytase. On d 21, 1 median-weight gilt from each pen was euthanized and fibulas were collected for analysis of bone ash content. Pigs fed 0.33% STTD P had decreased (P < 0.05) bone ash concentration compared with those fed 0.45% STTD P with or without phytase when high Ca was added to diets, but this P effect was not observed when diets contained low Ca concentration (Ca × P interaction, P = 0.007). In conclusion, excess Ca in diets decreased growth performance and bone ash concentration of nursery pigs when diets were deficient in STTD P. Adding phytase to achieve 0.45% STTD P in diets improved ADG and ADFI of pigs compared with diets containing 0.45% STTD P without phytase, indicating a potential underestimation of the P release from phytase or an increased availability of other nutrients liberated by phytase.
Summary A total of 720 nursery pigs (PIC 1050 × 280, initially 13.4 ± 0.47 lb) were used in a 42-d growth study to determine the effects of feeding 2 calcium (Ca) and 3 standardized total tract digestible (STTD) phosphorus (P) concentrations on growth performance and bone ash content. Pens of pigs (10 pigs/pen, 12 pens/treatment) were blocked by initial pen weight, and within blocks pens were allotted randomly to 1 of 6 dietary treatments. Dietary treatments were arranged in a 2 × 3 factorial, with 2 levels of Ca (0.58 vs. 1.03%) and 3 levels of STTD P (0.33 and 0.45% without phytase, and 0.45% with 0.12% of the P being released by phytase). Diets were provided in 3 phases, with pigs fed experimental diets during phase 1 (d 0 to 14) and phase 2 (d 14 to 28), followed by a common phase 3 diet from d 28 to 42. For the majority of the feeding periods, Ca × P interactions were observed for growth responses (P < 0.05). From d 0 to 28, when diets contained low Ca concentration, pigs fed 0.45% STTD P with phytase had greater (P < 0.01) ADG and ADFI compared with those fed 0.45% STTD P without phytase or 0.33% STTD P. When high Ca was fed, ADG and ADFI were similar among pigs fed 0.45% STTD P with or without phytase but were greater than those fed 0.33% STTD P. Feed efficiency was poorer (P < 0.01) when low STTD P and high Ca were added to diet compared with other dietary treatments. During phase 3, pigs previously fed 0.33% STTD P had similar ADG, but decreased (P < 0.05) ADFI and improved F/G compared with pigs previously fed 0.45% STTD P with or without phytase. However, pigs fed 0.33% STTD P, with high Ca were not able to fully compensate for the negative effects of P deficiency, resulting in decreased (P < 0.05) overall ADG and ADFI compared with pigs fed 0.45% STTD P diet with or without phytase. On d 21, 1 median-weight gilt from each pen was euthanized and fibulas were collected for analysis of bone ash content. Pigs fed 0.33% STTD P had decreased (P < 0.05) bone ash concentration compared with those fed 0.45% STTD P with or without phytase when high Ca was added to diets, but this P effect was not observed when diets
Introduction
Appropriate dietary Ca and P concentrations are essential for nursery pig performance. Accurate formulation for Ca and P is even more important in recent years with the increased use of phytase and the desire to minimize P excretion. Research has demonstrated that feeding excess dietary Ca impairs P digestibility and, therefore, reduces growth performance and bone ash concentration in nursery 3 and growing-finishing 4,5 pigs.
Diets can have excessive Ca for multiple reasons, including variability in laboratory analysis of ingredients, neglecting the Ca content of carriers in premixes or other additives, and not accounting for Ca released by phytase. Meanwhile, diets can also be deficient in P due to formulation errors, by phytase being mistakenly not included at expected levels in the diet, or by overestimating the amount of P released for the given amount of phytase included in the diet. Therefore, the objective of this study was to evaluate the growth performance and bone ash concentration of nursery pigs in response to different combinations of dietary STTD P and Ca levels provided by monocalcium P or phytase.
Procedures
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in the experiment. The study was conducted at the Cooperative Research Farm's Swine Research Nursery (Kalmbach Feeds, Inc., Sycamore, OH). Each pen (5 × 6 ft 2 ) had completely slatted metal floors and was equipped with a 4-hole stainless-steel feeder and a nipple-cup waterer. Pigs were allowed ad libitum access to feed and water throughout the experiment.
A total of 720 weaned pigs (PIC 1050 × 280) were housed in 2 rooms with 36 pens per room. Upon arrival, pigs were individually weighed and assigned to pens (10 pigs/pen) in order to achieve balanced pen weights within room. After 4 d of adaptation, pens of pigs were blocked by BW (initial pig BW = 13.4 ± 0.47 lb) and allotted randomly to 1 of 6 dietary treatments (Tables 1 and 2 ). The dietary treatments were arranged in a 2 × 3 factorial, with 2 levels of Ca (0.58 and 1.03%) and 3 levels of STTD P (0.33% with no Swine Day 2017 phytase, 0.45 with no phytase, and 0.45% with 0.12% of the P assumed to be released by phytase). All ingredients containing Ca and P were sampled and sent to Ward Laboratories, Inc. (Kearney, NE) and Cumberland Valley Analytical Services Inc. (Maugansville, MD) for analysis of Ca and P (Table 3 ). The average of these analyzed values were used in the diet formulation. Diets with phytase addition contained 1000 FTU of Ronozyme HiPhos 2500 (DSM Nutritional Products, Inc., Parsippany, NJ) with an assumed releasing value of 0.12% for Ca and STTD P. Pigs were fed in 3 phases, with the experimental diets provided in phase 1 (d 0 to 14) and 2 (d 14 to 28). A common phase 3 diet was then fed to all pigs from d 28 to 42. All diets were provided in meal form. Pigs and feeders were weighed every 7 d to determine ADG, ADFI, and F/G. Bones were autoclaved for 60 min, adhering tissue and cartilage caps were removed, then dried at 221°F for 7 d. Dried fibulas were ashed in a muffle furnace at 1,112°F for 24 h to determine total ash weight and percentage bone ash.
Data were analyzed using the GLIMMIX procedure of SAS version 9.4 (SAS Institute, Inc., Cary, NC) in a randomized completely block design with pen as the experimental unit. The treatment effects were analyzed as in a 2 × 3 factorial, with main effects of Ca (0.58% or 1.03%) and P (0.45 with no phytase, 0.33% with no phytase, and 0.45% with 0.12% of the P assumed to be released by phytase) and their interactions as well as random effects of room and weight block within room. The initial statistical model included treatment and the effect of treatment within room as fixed effects. Because there was no evidence that the treatment effect was different across rooms, the treatment within room term was removed from the model and data from the 2 rooms were pooled in the analyses of growth performance and bone ash concentration. Means were reported as least-squares means and were separated by the PDIFF option with a Tukey-Kramer adjustment. Results were considered significant at P < 0.05 and marginally significant at 0.05 < P < 0.10.
Results and Discussion
Analyzed Ca and P concentrations of dietary treatments were similar to calculated values (Table 3 ). The average values were slightly greater than the formulated levels but followed similar patterns as the designed treatment structure.
During phase 1 (d 0 to 14), Ca × P interactions were observed for ADG and F/G (P < 0.05) but not for ADFI (P = 0.241). Pigs fed diets containing 0.45% STTD P with phytase had greater (P < 0.01) ADG than pigs fed 0.45% STTD P without phytase or pigs fed 0.33% STTD P regardless of dietary Ca concentration. The ADG of pigs fed diets containing 0.45% STTD P without phytase was greater (P < 0.001) than that of pigs fed 0.33% STTD P when diet contained high (1.03%) Ca concentration but not for diets with low (0.58%) Ca concentration. Regardless of Ca level, feeding 0.45% STTD P with phytase improved (P < 0.05) ADFI compared with diets with 0.33 or 0.45% STTD P with no phytase. Pigs fed 0.45% STTD P with or without phytase exhibited better (P < 0.10) F/G than pigs fed 0.33% STTD P, and the magnitude of these differences was more prominent when diets contained high Ca concentrations.
During phase 2 (d 14 to 28), Ca × P interactions were observed for all growth responses (P < 0.05). Pigs fed diets containing 0.45% STTD P with or without phytase had greater (P < 0.05) ADG than those fed 0.33% STTD P when high Ca was added to diets but not for diets containing low Ca concentrations. When diets contained low Ca, feeding 0.45% STTD P with phytase resulted in greater (P < 0.001) ADFI than feeding the 0.33% STTD P diet, with ADFI of pigs fed 0.45% STTD P without phytase intermediate. When fed high Ca, ADFI of pigs fed 0.45% STTD P with or without phytase was greater (P < 0.01) than those fed 0.33% STTD P. Pigs fed 0.33% STTD P had poorer (P < 0.10) F/G than those fed 0.45% STTD P with or without phytase when diets contained high Ca concentration; however, no differences were observed among low Ca diets.
When combining the treatment periods (d 0 to 28), Ca × P interactions were observed for all growth responses (P < 0.05). When low Ca was added to diets, feeding 0.45% STTD P with phytase increased (P < 0.01) ADG and ADFI compared with pigs fed 0.45% STTD P without phytase and pigs fed 0.33% STTD P. However, with high Ca, ADG and ADFI were similar among pigs fed 0.45% STTD P with or without phytase but were greater than those fed 0.33% STTD P diet. Feed efficiency was worsened (P < 0.01) when low STTD P and high Ca were added to the diet compared with other dietary treatments. On d 28, when diets contained low Ca concentrations, pigs fed 0.45% STTD P with phytase had greater (P < 0.01) BW than pigs fed 0.45% STTD P without phytase and those fed 0.33% STTD P. When diets contained high Ca, BW was similar among pigs fed 0.45% STTD P with or without phytase, but was greater (P < 0.01) than those fed 0.33% STTD P diet.
Researchers 6,7 have suggested that high concentrations of Ca reduces P digestion and absorption by forming a Ca-P complex. Gonzalez-Vega et al. 3 reported that decreased growth performance was observed for pigs from 24 to 55 lb BW when more than 0.50% STTD Ca (approximately 0.74% analyzed Ca) was added to diets containing adequate STTD P. Observations from this study indicated that the detrimental effects of excess Ca were only observed when diets also contained deficient P concentration. Supplementing phytase to low P diets improved growth performance of pigs over those fed sufficient STTD P without phytase. It is possible that the 0.12% P and Ca release value for 1,000 FTU of phytase underestimated the true digestible P and Ca release, resulting in more Ca, P, or possibly other nutrients becoming available to the pig. In addition, this phytase response was more evident during phase 1 of the experiment, when dietary P would have been more limiting than during phase 2. From d 28 to 42, all pigs received a common phase 3 diet. No significant Ca × P interaction was observed for ADG. Pigs previously fed 1.03% Ca had greater (P < 0.001) ADG than those previously fed 0.58% Ca. Pigs previously fed 0.33% STTD P tended to have greater (P = 0.054) ADG than those previously fed 0.45% STTD P with phytase, but similar ADG to pigs previously fed 0.45% STTD P without phytase. Pigs previously fed 0.45% STTD P with or without phytase had greater (P < 0.05) ADFI than those previously fed 0.33% STTD P, but the magnitude of these differences was greater in high Ca than in low Ca diets (Ca × P interaction, P = 0.063). For F/G, a Ca × P interaction (P < 0.001) was observed. When diets contained low Ca concentration, feeding 0.45% STTD P with phytase worsened (P = 0.027) F/G compared with pigs previously fed 0.33% STTD P, with F/G of pigs previously fed 0.45% STTD P without phytase intermediate. When high Ca was added to diets, F/G was similar among pigs previously fed 0.45% STTD P with or without phytase, but was poorer (P < 0.01) than those previously fed 0.33% STTD P.
Overall (d 0 to 42), Ca × P interaction was observed for all growth responses (P < 0.10). Feeding 0.33% STTD P decreased (P < 0.01) ADG compared with feeding 0.45% STTD P with or without phytase, but this effect was only observed when high Ca was added to diets. For ADFI, when diets contained low Ca concentration, feeding 0.45% STTD P with phytase resulted in greater (P = 0.018) ADFI than feeding 0.33% STTD P diet, with that of pigs fed 0.45% STTD P without phytase being intermediate. When high Ca was added to diets, ADFI of pigs fed 0.45% STTD P with or without phytase was greater (P < 0.01) than those fed 0.33% STTD P. Standardized total tract digestible P did not affect overall F/G regardless of Ca concentration; however, F/G was worsened (P = 0.005) by feeding 1.03% Ca compared with feeding 0.58% Ca when diets contained 0.33% STTD P. This Ca effect was not observed when diets contained 0.45% STTD P with or without phytase. Similarly, final BW of pigs fed 0.33% STTD P was decreased (P < 0.01) relative to pigs fed 0.45% STTD P with or without phytase when high Ca was fed with no P response with low dietary Ca concentration. During the common period of the experiment, pigs previously fed low STTD P grew faster and were more feed efficient than pigs from other treatments; however, these pigs were not able to fully compensate for the negative effects of P deficiency when diets contained excess Ca concentration.
Pigs fed 0.33% STTD P had decreased (P < 0.05) bone ash concentration compared with those fed 0.45% STTD P with or without phytase when high Ca was added to diets, but this P effect was not observed among treatments with low Ca concentration (Ca × P interaction, P = 0.007). Response of bone ash to Ca and STTD P concentrations generally followed a similar pattern as ADG; however, the growth promoting effects of phytase was not observed for bone ash content. This observation is in contrast with the growth performance data, where it appeared that the P release by adding phytase was underestimated because bone ash concentration is a sensitive indicator of available P. Therefore, it is possible that the beneficial effect of phytase on growth performance was a result of other nutritional compounds liberated by phytase.
In summary, these results suggest that feeding excess dietary Ca negatively affects growth performance and bone ash deposition of nursery pigs when diets are deficient in STTD P. Moreover, the diet including phytase to achieve 0.45% STTD P slightly improved ADG and ADFI of pigs compared with diets containing 0.45% STTD P without phytase, and this effect was especially evident during the early nursery phase. Future research is need to determine if this promoting effect of phytase is due to an underestimation of releasing ability for 1,000 FTU of Ronozyme HiPhos 2500 or increased availability of other nutrients. 
